INTRODUCTION j]EPOSIT-FEEDING
animals meet their LJnutritional requirements from the organic fraction of ingested sediment. Because most sediments consist primarily of mineral grains (even organically rich sediments may be 95% inorganic matter), and because much of this organic matter is typically refractory humic material, deposit feeders subsist on a remarkably poor food source. Nearly all of the sediment ingested passes through the alimentary tract without loss. Nevertheless, deposit feeders survive and can grow rapidly on this poor food source, and characteristically dominate the benthos of freshwater and marine muds. In this review we will discuss the potential food sources available to deposit feeders, their behavioral, morphological, and physiological adaptations to using these foods, and the application of foraging theory to deposit feeders.
Although deposit feeders can be defined in terms of the unique problems they face in using sedimentary foods, they differ only by degree from suspension feeders, and there are many examples of animals that can switch from one feeding mode to the other. The amphipod Corophium volutator filters from suspension the surficial sediment particles that it has resuspended in its burrow (Meadows and Reid, 1966) . The suspension-feeding bivalve Mya arenaria, which maintains its siphons flush with the sediment surface ingests considerable amounts of suspended sediment (Rasmussen, 1973) . Tellinid bivalves display the entire range from deposit-to suspension-feeding among morphologically similar species (Pohlo, 1982) , and many tellinids probably feed simultaneously both ways, as evidenced by Scrobicularia plana (Hughes, 1969) . Some species of spionid polychaetes have the ability to switch feeding modes, depending on the flux of suspended particulates (Taghon, Nowell, and Jumars, 1980; Dauer, 1983) . At low fluxes, animals use their tentacles for deposit feeding upon the sediment surface, whereas at higher fluxes, the tentacles are deployed in erect helices to capture suspended matter. A helix appears to be highly efficient for guiding particles in the current to the tentacle (Taghon, 1983) .
Even though there is a bewildering diversity of deposit feeding animals, representing most major invertebrate taxa, the primary "solution" to the dilemma of living on such a poor food source is to process massive volumes of sediment. Many animals accomplish this by bulk feeding, the processing of large volumes of sediment through the alimentary tract; this is the rule among deposit feeders (Table 1) . Deposit feeders typically process at least one body weight in sediment daily. Lofty's (1974) com- Marais, 1980 a References cited in Cammen, 1980b . Refer to Cammen (1980b for further details. b Total sediment processing rate measured by Bender and Davis (1984) corrected for feces: pseudofeces production of 1:10 (Tantichodok, unpub.).
pendium shows that detritivores ingesting plant debris process only 0.01 to 0.4 body weights daily. The feeding rates of some deposit-feeding macrofauna is incredible: Amphibola crenata, a marine pulmonate, ingests sediment hourly up to four times its dry tissue weight (Juniper,1981) .
Another way to attain a high rate of sediment processing is to sort through sediment but reject most before ingestion. The protobranch bivalve Yoldia limatula can process up to eight times its body weight hourly (Bender and Davis, 1984) , but over 90 per cent of it is rejected as pseudofeces (Tantichodok, unpub.) . Large, relatively immobile animals such as arenicolid polychaetes have relatively high specific feeding rates compared to smaller, mobile animals (Fauchald and Jumars, 1979) . Like the soil-ingesting earthworms, deposit feeders in sediments "swallow an enormous amount of earth" (Darwin, 1881) .
To subsist on a sedimentary diet, animals must not only ingest massive quantities of sediment, but maintain some reasonable absorption of organic matter from the ingested material. Many morphological and physiological adaptations allow efficient absorption in the face of high processing rates. In effect, these adaptations are mechanisms of particle rejection, which can occur before ingestion or within the alimentary tract (Fig. 1 ).
The result of bulk feeding is intense reworking of sediments populated by deposit feeders. This bioturbation has profound effects on the microbial, chemical, and geological properties in sediments, and therefore on the nutritional environment of the animals (McCall and Tevesz, 1982; Tevesz and McCall, 1983) .
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FIG. 1. SCHEMATIC REPRESENTATION OF A DEPOSIT FEEDER
Particle sorting can occur at the collector, mouth, or "caecum" resulting in selective ingestion and retention of certain particles.
There is probably no completely nonselective deposit feeder. Sorting food-rich particles from the sedimentary chaff allows a lower feeding rate, and therefore a longer residence time of the enriched ingested fraction. There is reasonably good understanding of the mechanisms and morphological constraints of particle selection, but very little is known about the costs of selection.
Foraging theories have been developed to predict how animals should eat -that is, what foods should an animal decide to feed upon, and at what rate. Optimal foraging theory, based on the marginal value theorem, has been widely applied to feeding behavior (Schoener, 1971; Pyke, Pulliam, and Charnov, 1977; Hughes, 1980) . Most foraging models have focused on herbivores or carnivores choosing among discrete food items in a patchy environment. Because most deposit feeders have very limited mobility, food patch selection is not generally an important aspect of foraging behavior. Taghon and Jumars (1984) pointed out that for animals having limited mobility and particle selection ability, foraging strategies are mainly a function of ingestive and digestive processes. Thus, the models stress the importance of ingestion rate and timedependent absorption. Foraging models of deposit feeders must take two important things into consideration. First, the finely divided nature of sediment precludes the ability to choose among discrete food particles. Particle selection by deposit feeders and other microphagous animals (handling many particles simultaneously) is better modeled stochastically (Jumars, Nowell, and Self, 1981) . The second major point is that the range in food value among the potential food types is much wider for deposit feeders than for herbivores or carnivores. Potential food types associated with sediments include highly digestible and nutritious bacteria, less digestible plant debris, and completely indigestible humus.
FOOD FOR DEPOSIT FEEDERS
The Detritus Medley Potential foods for deposit feeders include microbes (bacteria, microalgae, protozoa, fungi), meiofauna, and nonliving organic matter. It is useful to partition the nonliving organics into morphous material, consisting primarily of recognizable remains of plants (i.e., VOLUME 62 diatom frustrules and vascular plant debris) and amorphous material, which includes humic geopolymers, microbial exudates, and adsorbed molecules (Bowen, 1984; Rice and Hanson, 1984) . Dissolved molecules are also a potential food for deposit feeders (Stephens, 1975; Feral, 1985) .
The relative importance of each type of food is not well understood, and considerable differences of opinion exist in the literature on the nutrition of deposit feeders. In the early decades of this century, the Danish fisheries biologist C. G. J. Petersen and his colleagues formalized the hypothesis that detritus derived from seagrasses, and not phytoplankton, is the most important source of organic matter to the coastal benthos (Petersen and Jensen, 1911; Blegvad, 1914; Jensen, 1914; Petersen, 1918) . There is an excellent description of this early research in Hylleberg and Riis-Vestergaard (1984) . Although subsequent research has not supported this particular assertion, these studies were the foundation of trophic dynamics in benthic systems. The recent appreciation of the importance of the detrital food chain over the grazing system, in respect to energy flow in aquatic ecosystems (e.g., Mann, 1972; Tenore and Rice, 1980) , underscores the importance of Petersen's contributions.
When using chemical analyses and production estimates to support his assertion concerning the importance of Zostera detritus to the benthos, Petersen was well aware of the difficulties in the study of detritus-based food chains. This is emphasized in his definition of detritus as "a medley of powdery organic and inorganic compounds so minute that it is no longer possible to determine its origin. Here and there, one finds larger pieces of tissue from higher plants.... in fact, searching carefully, one can demonstrate anything which has the opportunity to reach sea water in sufficiently powdered state" (cited in Hylleberg and RuisVestergaard, 1984:104) . Much of the nonliving particulate organic matter in aquatic systems is amorphous, having no visible evidence of its origin. Nevertheless, there has been a widespread belief that the small amorphous particles are produced by trituration and chemical breakdown of larger pieces of plant debris ( Fig. 2A) . Ribelin and Collier (1979) correctly stress that the "largest missing link in the decomposition pathway is the connection between the minute but still recognizable plant fiber particles and the unidentifiable amorphous aggregates" (p. 49). Whereas it is axiomatic that plants are the base of both grazing and detrital food chains, elucidation of food sources of deposit feeders is based on an understanding of the chemistry and biology of the breakdown of plant litter. A, describes the production of fine detritus particles by the successive breakdown and trituration of plant material. Higher nitrogen content in the finer fractions was taken to represent a protein increase that was due to microbial colonization on the surface-rich small particles. This viewpoint was widely held until recently. (Adapted from Odum and de la Cruz, 1967.) B, a more recent interpretation of the formation of fine detrital particles (adapted from Rice, 1982; Bowen, 1984; Rice and Hanson, 1984) . Amorphous organic matter is the product of chemical and microbial precipitation of dissolved organic matter. Exudation by plants, excretion by animals, and breakdown by microbes all contribute to the dissolved organic pool. Humification reactions involving bacterial exoenzymes also contribute to the production of amorphous organic matter. Nitrogen enrichment is largely due to the production of nonprotein compounds. ternative pathways of organic particle formation (Fig. 2B ) has been studied in recent years (Rice and Hanson, 1984; Bowen, 1980) .
Microbial Stripping
The transformation of both morphous and amorphous organic matter is mediated by microbes, especially bacteria and fungi. While the potential of microbes in deposit-feeder nutrition had been suggested years before (e.g., Baier, 1935; ZoBell and Feltham, 1938) , its importance was not widely considered until the work of Newell (1965) . In a study of the molluscs Hydrobia ulvae and Macoma balthica, he concluded that they both feed by "ingesting mud as well as particles of organic debris, but digest only the population of micro-organisms" (p. 41). This has been referred to as "microbial stripping. Upon egestion, microbes recolonize the detrital particles so that a given particle may repeatedly serve as a vehide for microbial transfer to deposit feeders. Odum and de la Cruz (1967) attempted to reconcile the earlier view that seagrass detritus is the primary food source with the "microbial stripping" idea by examining the nutritive composition of Spartina marsh grass at successive stages of decomposition, concluding that the protein increase in the finer particle fractions suspended in a Spartina salt marsh was due to microbial enrichment, so that "detritus rich in bacteria may be a better food source for animals than the grass tissue that forms the base for most of the particulate matter" (p. 386).
The microbial stripping hypothesis was very attractive, and it stimulated much research. Like many powerful ideas, however, the hypothesis unfortunately has been phrased typically in dichotomous terms. The question has been stated as: Which is more important, detritus or microbes? This dichotomous approach was particularly characteristic of shortterm feeding studies in which absorption efficiences of potential foods were compared. We will demonstrate that this is not the appropriate question in the study of deposit feeders. Hargrave (1970) , investigating the freshwater amphipod Hyalella azteca, was one of the first to measure assimilation of both microflora and nonliving organic matter by a deposit feeder. This animal absorbed 6 to 15 per cent of the sedimentary organic matter, but utilized bacteria and diatoms at 60 to 80 per cent efficiency. Blue-green algae were less digestible (5 to 15%), and purified cellulose and lignin were not assimilated. Hargrave concluded that these results support the view that "organic matter in sediment must be converted into bacteria before it becomes available to deposit feeders" (p. 435). Several subsequent studies on a variety of animals have demonstrated that sediment-associated microbes are efficiently utilized whereas organic debris is poorly digested (Table 2) (Fenchel, 1970; Kofoed, 1975; Wetzel, 1976; Yingst, 1976; Lopez, Levinton, and Slobodkin, 1977; Cammen, 1980a; Bianchi and Levinton, 1984) . Much of this work compared digestibility of microbes to that of morphous plant detritus. Many studies have interpreted nitrogen content as a good index of overall food value of organic debris; it was thought to reflect either microbial abundance or the presence of labile detrital sources such as nitrogen-rich seaweeds (Tenore, 1977; Haines and Hanson, 1979; Fell, Master, and Newell, 1980) . Seaweed detritus is a good source of dietary nitrogen for Capitella capitata, but bacteria are the important nitrogen source when it feeds on Spartina detritus . Although this work has been important in elucidating the relationships between detritus, microbes, and animals (see Microbial Gardening section), it is unfortunate that there was little interest in the role of amorphous sedimentary organic matter as potential food. Earlier researchers considered the importance of adsorbed organic matter to deposit feeder nutrition as almost self evident (Fox, 1950; Bader, 1954) .
Discarding the Dichotomy
The microbial stripping theory of depositfeeder nutrition is based for the most part on the assertion, well supported by experimental results, that the decomposed residue of plant litter, consisting mostly of complex carbohydrates and other polymers, is beyond the digestive capabilities of most deposit feeders, whereas microbes are readily absorbed (Fenchel, 1970; Kristensen, 1972a; Calow, 1974; Hylleberg, 1976; Yingst, 1976; Lopez, et al., 1977) . Although some animals are capable of digesting cellulose (Foulds and Mann, 1978) , most small deposit feeders simply do not have The most troubling problem with the microbial stripping theory is that, for most animals, microbial abundance in sediments appears to be far too low to meet energy demands, given the measured ingestion rates and absorption efficiencies of the animals (Baker and Bradnam, 1976; Cammen, 1980a; Bowen, 1980; Findlay and Meyer, 1984) . Bacterial abundance in muds correlates well with organic carbon and nitrogen values (e.g., Dale, 1974) , but bacterial carbon accounts for approximately 0.2 per cent of sedimentary organic carbon in typical sediments (Rublee, 1982) . In sandier sediments with lower detri-tus loads, bacteria can account for 2 per cent of organic carbon (Cammen, 1982) . In intertidal sediments, especially sands, benthic microalgae can account for most of the organic carbon (Cammen, 1982) . The fact that many deposit feeders absorb 5 to 15 per cent of the sedimentary organic carbon can be explained in only two ways: either most of the absorbed carbon is detrital rather than microbial or else animals are extremely selective in ingesting microbes. Some species do, in fact, appear to be rather selective in ingesting bacteria (see Particle Selection, below), but ingested sediment would have to be enriched one to two orders of magnitude to explain organic absorption as microbial stripping. The amphipod Hyallela azteca was not able to absorb radioactively labelled cellulose and lignin, but did absorb 15 per cent of the natural organic matter in surface sedirnent (Hargrave, 1970) . Thus, such defined polymers are poor models in the study of digestion of sedimentary organic matter.
Detritus absorption has probably been overlooked in many cases because of the difficulties in accurately estimating low absorption efficiencies. The simplest and most commonly used method to estimate organic absorption is to compare the organic content of ingested material with the egesta (Conover, 1966) . It is usually easy to collect fecal pellets from deposit feeders, but direct analysis of ingested material is possible only for large animals whose gut contents can be removed by dissection (e.g., Yingst, 1976; Cammen, 1980a) . For other animals (most deposit feeders), the ingested material cannot be directly sampled, and must be calculated by estimating ingestion selectivity of sedimentary organic matter. The fact that many deposit feeders produce fecal pellets enriched in organic matter relative to available sedimnent indicates selective ingestion (e.g., Cammen, 1982) , but the degree of enrichment is often fairly low. A simple calculation will demonstrate how the combination of low absorption efficiency and slight selectivity can mask the importance of detritus as food for deposit feeders. If an animal selectively feeds on a sediment with 10 per cent organic matter so that the ingested material is enriched to 15 per cent, and 10 per cent of the ingested organic matter is absorbed as it passes throught the gut, then feces would have 13.7 per cent organic matter. Without an accurate estimate of ingestion selectivity, absorption is completely masked.
The only deposit feeders that appear to be able to meet most of their metabolic demands from microbial food sources are surface deposit feeders on intertidal mudflats, and they can do this because of the abundance of benthic microalgae. In subtidal and subsurface sediments, microalgae are not important food sources. The literature on deposit feeding reflects a bias for the study of intertidal mudflats and salt marshes, both of which differ substantially from subtidal deposits in the types of organic matter available for deposit feeders.
Deposit-feeding gastropods such as Hydrobia spp. and Ilyanassa obsoleta feed mainly on benthic microalgae (Fenchel, Kofoed, and Lappalainen, 1975; Jensen and Siegismund, 1980; Levinton and Bianchi, 1981) . Cammen (1980a) estimated that only half of the energy source for the polychaete Nereis succinea, a surface deposit feeder, came from sedimentassociated microbes of the salt-marsh mud flat. Sediment ingestion rates were measured in the field, whereas worm respiration and absorption efficiencies were estimated in laboratory experiments. Given the measured microbial abundance in surface sediment, utilization of microbes appeared to meet 50 per cent of the respiratory demand. The major unknown factor was the selectivity of microbe ingestion. Cammen discussed in detail the problem of estimating the microbial richness of the sediment ingested by N. succinea, which feeds by scraping off the surface sediment. Because the vertical gradient of microbial density can be very steep in the top layer of intertidal mudflats (Joint, Gee, and Warwick, 1982) , it is difficult to gauge just how selective surface deposit feeders really are.
Subsurface and subtidal deposit feeders do not have microalgae available as a food source, and bacterial abundance is too low to explain organic absorption. If an animal cannot meet energy demands from microbial foods in sediment, the inescapable conclusion is that detritus is an essential part of its diet.
There is evidence, however, that absorption of microbes is also essential to deposit feeders. Newell (1965) suggested that microbes are especially important as a protein source for deposit feeders. Growth rate of the snail Hydrobia totteni is related closely to microalgal density , and growth of Paratendipes albimanus, a stream detritivore, varied linearly with ATP content (a measure of microbial biomass) in plant litter (Ward and Cummins, 1979) . Fungi may be very important nutritionally to detritivores (Barlocher and Kendrick, 1975) . Phillips (1984a) investigated the importance of various detrital and microbial foods in meeting specific nutritional requirements. Metazoans cannot synthesize certain amino acids, polyunsaturated fatty acids, and sterols, and therefore must get them from their food or by means of gut microflora. Because bacteria lack long-chain polyunsaturated fatty acids that are essential for most marine animals, most deposit feeders should not be able to survive on a pure bacterial diet even if bacteria were sufficiently abundant to meet caloric needs; however, bacteria may be an important source for deposit feeders of B-complex vitamins and perhaps certain amino acids. Diatoms appear to be a very good source of dietary fatty acids, but it is not known how quickly they are lost during detritus formation. Phillips (1984a) suggested that protozoa and nematodes may be important intermediaries in detrital food chains because they can synthesize polyunsaturated fatty acids. The role of fungi must also be elucidated, and the importance of gut microflora in the production of essential nutrients deserves much more attention (Fong and Mann, 1980) . Available evidence suggests that both nonliving and microbial foods are required in the diets of many deposit feeders. The dichotomous approach characteristic of microbialstripping studies may prove valuable in analyzing limiting factors, such as determining whether deposit feeders are food-limited. The approach is misleading, however, for determining essential factors. Animals may typically have enough energy in their diets, but might be limited in respect to proteins or vitamins. Very little is known about the importance of detritus and microbes in supplying such factors. Obviously, more attention should be paid to the role of amorphous detritus to the nutritional requirements of deposit feeders.
The Microbial Garden The interaction of a deposit feeder with its potential food sources cannot be described sirnply by absorption measurements, or even growth studies, because of the complex effects feeding has on the abundance of the various types of food, and on interactions between microbes and detritus. Hylleberg (1975) introduced the concept of microbial gardening, suggesting that the feeding and irrigation behavior of arenicolid polychaetes stimulates the growth of digestible microbes along the burrow wall. Seilacher (1977) developed a similar concept to explain the diversity of graphoglypid trace fossils. There are several mechanisms that may contribute to the stirnulatory effect on bacterial activity by deposit-feeding activity. Microbial stripping can enhance microbial turnover and biomass on egested particles (Hargrave, 1972; Lopez et al., 1977; Fenchel and Jorgensen, 1977) . Stimulation of microbial cells that survive passage through the gut may be due to relaxed competition, selection for rapidly growing strains, or stimulation by factors in the gut environment (Connor and Edgar, 1982; Juniper, 1981) . Fecal pellets of deposit feeders are often localized sites of higher bacterial activity as a result of selective feeding (Hargrave, 1976) . Levinton (1979a) formulated a model of microbial growth and fecal pellet dynamics, which showed that fecal pellet formation sequestered sedimnentary particles and kept them from being reingested for a time sufficient to increase net microbial standing stock.
Bioturbation, the advection of particles and water by the feeding, respiratory, and locomotor activities of animals, certainly has complex effects on sedimentary bacteria (e.g., Aller, 1982) , but too little is known to determine whether such processes should be described as microbial gardening, a term that implies that animals benefit nutritionally from the stimulation of microbial growth. Pamatmat and Findlay (1983) demonstrated that complex interactions between trophic groups make partitioning of energy flow into simple metabolic compartments extremely difficult. Certain deposit feeders may take advantage of stimulation of microbial growth caused by mucus secretion (Riemann and Schrage, 1978; Calow, 1979; Hicks and Grahame, 1979; Lopez, Riemann, and Schrage, 1979) . Capitella capitata appears to be attracted to sites of high bacterial activity (Reise, 1979) . The meiofaunal poly-chaete Protodriloides (= Protodrilus) symbioticus is attracted to sands colonized by certain favorable species of bacteria (Gray, 1966) .
Stimulation of microbial metabolism may actually decrease food resources under certain conditions, if microbes and animals compete for a common detrital resource. Because transformations of organic matter in sediments are mediated by microbes, the interactions among animals, microbes, and detritus are not likely to be explained by simple predator-prey models (Levinton, 1980; Levinton, 1985; Tenore, Cammen, Findlay, and Phillips, 1982) .
FEEDING ADAPTATIONS
The elucidation of the food resources of deposit feeders has proven to be a difficult problem. Much can be deduced, however, from careful observation of behavior, physiology, and morphology of animals. In this context we discuss the behavior involved in particle selection, as well as the physiology and morphology of the digestive regime.
Particle Selection Morton (1960) was correct in stating that "many deposit feeders can indeed be reprieved from the stigma of indiscriminant ingestion" (p. 94), but because of the nature of the association of potential foods with mineral grains, there cannot be perfect selection. At best, an animal can increase the proportion of a certain food in the ingested sediment over that available in the sediment.
An understanding of the factors controlling food distribution in sediments is crucial in explaining deposit-feeding behavior. Standard sedimentological techniques have proven useful in correlating sediment properties with animal abundance (Sanders, 1958) , but most of these techniques preclude examination of the sediment at a scale appropriate to the feeding behavior of individual animals. R. G. Johnson (1974 Johnson ( , 1977 pioneered the use of microscopic and histochemical methods to investigate the distribution of potential foods in sediments. This approach has been extended with considerable success by Whitlatch (1974 Whitlatch ( , 1980a Whitlatch ( , 1981 .
Because it is generally not possible to measure selection by deposit feeders of particular potential foods, assumptions have to be made regarding the distribution of foods in sediments. A widely held assumption in depositfeeding studies is that there is more food associated with finer particles, owing to the higher surface area (Taghon, Self, andJumars, 1978; Doyle, 1979) . Thus, much attention has been paid to the selection by particle size. The abundance of deposit feeders often correlates with silt-clay or clay content of the sediments (Sanders, 1958) , and many deposit feeders (Hylleberg and Gallucci, 1975; Taghon, 1982; Lopez and Kofoed, 1980) , but not all of them (Whitlatch, 1974; Powell, 1977) , preferentially ingest small particles.
Although the interpretation of selection by particle size depends on the assumption that the amount of surface-bound food is a simple function of particle size, very little attention has been paid to measurement of selection by surface area. Comparing direct measurements of the surface area of mineral grains in sediments that were offered to deposit feeders and then egested, Doris (1984) found that Hydrobia totteni typically ingested the surface-poor fraction, apparently by avoiding ingestion of aggregates rich in clay.
Bacterial abundance certainly correlates well with the nature of the sediment with surface-rich muds harboring more bacteria than other sediments (ZoBell, 1938; Dale, 1974; Rublee, 1982; Yamamoto and Lopez, 1985) . But within a given sediment, the small mineral particles do not necessarily harbor more bacteria per unit weight. Clay particles appear to be poor substrates for bacteria (DeFlaun and Mayer, 1983; Yamamoto and Lopez, 1985) . In some sediments, the larger, more angular particles may harbor more bacteria (per gram) than smaller particles (Hughes, 1979; Cammen, 1982) .
The distribution of adsorbed organic matter is much more likely to correlate closely with the surface-rich fraction of sediment. Ratios of organic carbon to specific surface area of sediments suggest that most the organic matter is distributed as an organic monolayer on the sediment grains (Mayer et al., 1985) . The selection of this fraction by many depositfeeders may reflect the importance of this potential food source.
Animals may select particles in ways other than by size. Some species select by shape, preferring more angular particles (Whitlatch, 1974) . Other species select by surface texture or specific gravity (Hylleberg and Gallucci, 1975; Self and Jumars, 1978) . It is likely that certain feeding organs are inherently more capable of selection than others: tentacles allow more selectivity than a saclike eversible pharynx (Fauchald andJumars, 1979) . Whitlatch (1980a) determined that tentaculate polychaetes can divide the food resource more finely than can nontentaculate animals. One of the most intriguing aspects in the study of deposit feeders is the taxonomic and morphological diversity exhibited by animals, all faced with the common problem of obtaining food from sediment.
Particle selection depends not only on the organ making contact with particles, but also on the ability of an animal to make certain particles more accessible. Some maldanid polychaetes fluidize a local pocket of sediment by proboscidal probing so that fine particles slump toward the head of the animal (Kudenov, 1978) . This might be a widespread process among subsurface feeders, especially larger animals living in sands (Hylleberg, 1975; Powell, 1977) . The maldanid polychaete Clymenella torquata "hoes" surface sediment into its tube; thus this head-down feeder can feed on surface sediment (Dobbs and Whitlatch, 1982) .
Selective ingestion allows an animal to process a large volume of sediment without actually swallowing very much. Hydrobiid gastropods ingest sediment-bound microbes from particles 40 gm and larger by scraping particles held in the buccal cavity; the detached microbes are swallowed while the scraped particle is ejected (Lopez and Kofoed, 1980) . The amphipod Corophium volutator obtains much of its food by similar epipsammic browsing on sediment particles (Nielsen and Kofoed, 1982) . Selective ingestion obviously improves an animal's ability to process enough sediment, and it may control retention of food within the alimentary tract because gut residence time will decrease with increasing ingestion rate (Calow, 1975a,b; Taghon, et al., 1978; Lopez, 1980; Newell, 1980) . The advantage to selective ingestion may be constrained by the amount of time needed to search for preferred particles and by the effort to sort preferred particles from the sediment (see Taghon, 1981) .
Although there is great diversity in body plan, size, and behavior of deposit feeders there appear to be several major functional groups that cross taxonomic lines. One of the major functional groups in marine sediments consists of the tentaculate feeders, which can further be divided into surface and subsurface feeders. This group includes several important polychaete families, nuculid and nuculanid bivalves, holothurian echinoderms, and echiuran worms. Tentaculate feeding may allow for considerable selective ability. Although many particles are handled simultaneously, each particle can be handled individually by a complex system of muscles, cilia and mucus (Jumars, Self, and Nowell, 1982) . Many of the particles collected can be rejected before ingestion. For example, the nuculanid bivalve Yoldia limatula rejects approximately 95 per cent of the sediment collected by the palp tentacles (Bender and Davis, 1984) . Rejection costs must be considered in any foraging model (Taghon, Self, andJumars, 1978; Taghon, 1981) , although it is likely that particle collection by ciliated tentacles is energetically efficient (Jumars, Self, and Nowell, 1982) .
Even though most tentaculate feeders appear to select smaller and lighter particles for ingestion, larger particles are more likely to be contacted by the tentacle (Jumars, Self, and Nowell, 1982; Whitlatch, 1980b) , indicating that particle selection by tentaculate feeders is controlled both by initial encounter between tentacle and particle, and by the subsequent transport of the particle to the mouth. Particle collection by tentacles does not necessarily result in selection of fine particles, as studies on the polychaete Cistinedesgouldii have demonstrated (Whitlatch, 1974; Whitlatch and Weinberg, 1982) .
Particle selection by some animals may be controlled more by the properties of secreted mucus than by morphological features. The importance of the adhesive properties of mucus has been discussed by Taghon (1982) , who found that 6 of 7 species tested selected proteincoated over noncoated particles. Dauer (1983) suggested that the nonselective ingestion by a spionid polychaete was due to the strong adhesive properties of its mucus. Nonselective feeding by several species of tropical holothurians and spatangoid urchins was similarly explained (Hammond, 1982) .
One consequence of selective ingestion is that feces can be enriched in food value over the ambient sediment, despite significant digestion. Fecal pellets of many deposit feeders display such enrichment (Hylleberg, 1975; Cammen, 1982) . Fecal pellets of Corophium volutator can be 9 to 240 times richer than the offered sediment, depending on particle size (Nielsen and Kofoed, 1982) . Perhaps much of the confusion over the importance of coprophagy can be removed by considering the factors that would result in such fecal enrichment Phillips and Tenore, 1984) . Fecal enrichment by selective ingestion may partly explain why fecal pellets are often sites of high microbial activity (Hargrave, 1976; Juniper, 1981) .
Particle Sorting in the Gut Particle selection can also take place after ingestion. Many of the morphological adaptations of the alimentary tracts of deposit feeders (and suspension feeders) serve to increase the gut residence time of selected particles whereas less preferred particles are quickly egested (Self andJumars, 1978; Bricelj, Bass, and Lopez, 1984) . Many deposit feeders, perhaps molluscs in particular, are able to sort particles within the gut, so that different types of particles are retained for varying lengths of time (Hylleberg and Gallucci, 1975) . Tellinid bivalves, for example, have complex stomachs capable of sorting particles and retaining smaller and less dense particles, the larger particles being rapidly egested (Reid and Reid, 1969; Hylleberg and Gallucci, 1975) . Some tellinids may be adapted for detaching microbes from ingested sand grains (Yonge, 1949; Reid and Rauchert, 1972; Gilbert, 1977; Hughes, 1977) .
Intracellular digestion of microbes and other small particles is an excellent mechanism for differential retention of food within the alimentary tract. Intracellular digestion combined with effective microbial detachment and preliminary extracellular digestion allows an animal to pass quickly a large volume of sediment through its gut while effectively digesting its food. The animal may be free from the constraint of time-dependent assimilation over a wide range of feeding rates (Taghon, Self, and Jumars, 1978) . Detachment of microbes might be more rapid and simpler than digestion, but there is little evidence relating to this postulated process (see Christie, Evans, and Shaw, 1970) . This deposit-feeding strategy may be constrained, however, by the ability of microbes to withstand detachment (Lopez and Levinton, 1978) . Microbes that remain attached to sediment particles cannot be subjected to intracellular digestion and are quickly egested. At least some benthic algae survive passage through the gut, as shown by diatom recolonization on sediment egested by Hydrobia ventrosa . Intracellular digestion of detritus has not been investigated.
Deposit feeders with efficient extracellular digestion have the advantage that microbial attachment should not affect digestion and assimilation. For example, Corophium volutator, which has extracellular digestion, digested over 70 per cent of the diatoms that were unavailable for digestion by Hydrobia ventrosa (Lopez and Levinton, 1978) . Animals with extracellular digestion may be constrained by the length of time that food is kept within the digestive tract (Taghon, Self, and Jumars, 1978) . Differential retention of ingested particles would also allow more effective digestion . Larger body size per se may be adaptive for animals with extracellular digestion because both ingestion rate and gut residence time can increase with increasing body size (Hargrave, 1972; Marais, 1980) . One needs to know, however, the allometric relationship of metabolic demand to increasing body size compared to the benefit of additional digestion as body size increases.
Many animals appear to combine extra-and intracellular digestion. Kermack (1955) suggested that the lugworm Arenicola marina uses extracelluar enzymes in tandem with phagocytosis of suitable particles by the epithelial cells of the stomach. Kermack stated that this polychaete is similar to oligochaetes, spatangoid urchins, and holothurians in that there is a "large amount of digestion occurring intracellularly in wandering amoebocytes, thus leaving the gut lumen free to deal with the vast quantities of indigestible siliceous material" (p. 380). However, Longbottom (1970) concluded that food ingested byA. marina is subjected only to extracellular digestion by enzymes produced in the oesophagus and stomach, ensuring "maximum utilization of the small amount of organic material present in the large amounts of sediment ingested" (p. 127).
Digestive Mechanisms Jensen (1914) investigated the availability of sedimentary organic matter to deposit feeders by subjecting sediment to in vitro digestion in a crude pancreatic extract. In a similar study, George (1964) incubated mud in a mixture of protease, lipase and amylase, and concluded that 14 per cent of the organic matter was available for enzymatic digestion. The polychaete Cirriformia tentaculata, which contains those enzymes, was actually able to assimilate 7.9 per cent of the organic matter.
Most of the studies investigating digestive mechanisms of deposit feeders have focused on the identification of hydrolytic enzymes, on the assumption that the enzymes "fit" the diet (van Weel, 1961) . Crosby and Reid (1971) suggested that suspension-feeding bivalves have higher cellulase activities than deposit feeders because suspended food includes dinoflagellates, which have a cellulose cell wall. Hydrobia species showed some ability to digest many algal carbohydrates, but only the reserve carbohydrates amylose, glycogen and laminaran were hydrolyzed to a significant extent, suggesting that structural carbohydrates (e.g., cellulose) are a poor source of food (Hylleberg, 1976) . The seasonal change in digestive enzymes in the amphipod Corophium volutator correlates with changing food availability (Stuart et al., 1985) .
It is very difficult, however, to interpret how these enzymes hydrolyze sedimentary organic matter. Cellulases and other enzymes that degrade complex carbohydrates are widely present in deposit feeders, but activities usually do not appear to be high enough for significant digestion of structural carbohydrates (Hylleberg, 1976; Michel and DeVillez, 1978) . Longbottom (1970) concluded that the lack of cellulases and hemicellulases in Arenicola marina, combined with a short residence time in the gut (15 minutes), indicated that it could not utilize plant debris. This appears to be the case especially for small animals that typically have short gut-residence times. The major function of weak carbohydrase activity displayed by many deposit feeders may be for detachment and preliminary digestion of microbes, and not for digestion of detritus (Kristensen, 1972b; Lopez, 1980 ; but see Hughes, 1977) . In a study of protein digestion in several Macoma species, only M. secta, which ingests sand grains, exhibited extracellular digestion, an adaptation to digest food from the relatively large grains (Reid and Rauchert, 1972) . The enzyme aamylase, which is commonly detected in molluscan crystalline styles (Owen, 1974) , detached Enteromorpha zoospores from glass surfaces (Christie, Evans, and Shaw, 1970) . Similar enzymatic activity may be instrumental in cleaving the cell walls of ingested microbes (Bricelj, Bass, and Lopez, 1984 ; but see Lucas and Newell, 1984) .
Digestion of detritus need not be enzymatic; the alkaline mid-gut of the stream detritivore Tipula abdominalis (Diptera) serves to dissociate the tannin-protein complexes of decomposing organic matter (Martin, Martin, Kukor, and Merritt, 1980) . This strategy is common among phytophagous lepidopteran larvae (Berenbaum, 1980) . A highly alkaline midgut is also characteristic of mosquito larvae that feed on organic detritus and microbes (Dadd, 1975) . The possibility that some deposit feeders may dissolve or desorb small molecules associated with humic-like materials by alkaline refluxing is especially fascinating in light of the recent work on detritus geochemistry that indicates the presence of proteinoid moeities associated with humifying organic matter in marine sediments (Rice, 1982) . More work needs to be done on the pH regimes of the intestinal tracts of deposit feeders (see Dadd, 1975) .
ARE DEPOSIT FEEDERS FOOD LIMITED?
Many workers have suggested that natural populations of macrofaunal deposit feeders are food limited. The role of food abundance in population regulation is based nearly entirely upon field-based correlations between abundance of deposit feeders and food-related parameters, such as microbial abundance, availability of fine particles, or detrital abundance (e.g., Sanders, 1958; Newell, 1964; Levinton, 1972 Levinton, , 1977 .
Some field experiments have demonstrated that food is depressed by the presence of deposit feeders. Field experimental removals of the mud snail Ilyanassa obsoleta result in increases in algal but not in bacterial abundance (Pace, Shimmel, and Darley, 1979; Levinton, 1985) . In a laboratory study, grazing by mod-est numbers of Ilyanassa stimulated algal productivity and increased standing stock, but higher densities of Ilyanassa resulted in depression (Connor, Teal, and Valiela, 1982) .
The response of deposit feeders to seasonal input of organic matter suggests that they are food-limited much of the year. In Narragansett Bay, Rhode Island, the springtime increase in deposit-feeding benthos appeared to be a response to deposition of the early spring diatom bloom (Rudnick, Elmgren, and Frithsen, 1985) . Lowered growth and survival in the summer occurred when respiratory demands exceeded organic input to the benthos (Grassle et al., 1985) .
One of the most interesting tests of depositfeeder food limitation was performed on Macoma balthica, which is capable of both suspension-and deposit-feeding. Olaffson (1986) planted animals at varying densities in muddy sand, where deposit feeding predominates, and in coarse sand, a suspension-feeding habitat. There was a significant negative effect of increasing density upon growth in the muddy sand, but not in the coarse sand. This suggests that space was not the limiting factor in the muddy sand and points to food availability in the depositfeeding mode as the limiting factor. Field densities were at the level predicted from the experimental densities, i.e., just below where severe depression of growth would be experienced.
Models of Renewable Resources
Food limitation of deposit feeders may be investigated with the aid of models of resource consumption and renewal Levinton, 1979b; Jumars, Nowell, and Self, 1981; Jumars and Gallagher, 1982; Miller, Jumars, and Nowell, 1984) . Microbes and ingestible sedimentary particles may both be exhausted in a sediment dense with deposit feeders (Fenchel, 1975; Grassle and Grassle, 1974) . Fine particles are often ingested and then egested in compact pellets, much larger than the particle size typically ingested by the deposit feeder. Sediments dominated by deposit feeders are made coarser in grain size by pelletization of the silt-clay fraction (Rhoads, 1967) . After some time the pellets then disintegrate into the constituent fine particles. Very little is known of pellet dynamics in situ. A complete model of particle availability must also include advection of pellets and particles to and from a particular site (Miller, Jumars, and Nowell, 1984) . Various parameters of pellet creation and breakdown can be incorporated into a Markov-type model (Jumars, Nowell, and Self, 1981) . Both resources, microbes and particles, are therefore renewable and may be modeled to predict deposit-feeder abundance in field populations.
The rate of pelletization relative to the rate of disintegration determines the steady-state availability of particles. Disintegration is a function of mechanical abrasion and microbial decomposition of the various mucus glues and other pellicles that bind pellets. Levinton and Lopez (1977) measured the pellet disintegration and formation rates produced by species of the mud snail Hydrobia. In sediments with about 5 per cent silt-clay (particle diameter < 62 rm) pelletization is complete at densities of 27,000 snails m2, which is consistent with the hypothesis that field populations are limited by particle availability in typical flats of the Danish Limfjord. In the laboratory, snails emigrate when the sediment is pelletized (Levinton, 1979b) .
Particle limitation, as determined by pelletization versus pellet breakdown, however, is by no means a universal phenomenon, even for Hydrobia. Other factors, such as intraspecific interference, can limit feeding at densities far below those where particle availability may be important (Levinton 1979a; Levinton and Bianchi, 1981) . Ingestible particles may be superabundant in some sediments (e.g., Levinton and Bianchi, 1981) . Danish Hydrobia species readily ingest disaggregated pellets (Lopez and Levinton, 1978 ), but the North American H. totteni largely avoids ingestion of similar material (V. Forbes and Lopez, 1987) . Some deposit feeders do not produce compact fecal pellets (e.g., the mud snail, Ilyanassa obsoleta). In other species, pellets are deposited out of reach so as to preclude reingestion. The ampharetid polychaete Amphicteis scaphobranchiata uses an elastic mucus sling fashioned about a modified anterior median branchia to cast fecal pellets outside of the normal radius swept by the animal's feeding tentacles (Nowell, Jumars, and Fauchald, 1984) . A. scaphobranchiata will reingest disaggregated pellets, but ingestion rate increases with pellet age (Taghon, Nowell, and Jumars, 1984) . Capitella capitata readily ingests but cannot grow on a diet of sonically disrupted fecal pellets (Phillips and Tenore, 1984) .
A similar consumption-renewal approach can be taken to examine the limitation of microbial food (Levinton, 1979b) . The steady state abundance of microbes may reflect a balance between consumption and microbial growth. A low standing stock therefore reflects a combination of high per capita consumption rates, high population density, and low recovery rates. Larger diatoms have lower recovery rates and seem more sensitive to grazing pressure than smaller diatoms (Fenchel and Kofoed, 1976) . Bacteria probably recover too rapidly to be diminished substantially by populations of Hydrobia , even though they are digested and assimilated efficiently (Kofoed, 1975; Lopez and Levinton, 1978) .
By using microbial densities in the range of field abundances, microalgal recovery can be demonstrated to be probably limiting to field populations of Hydrobia totteni Bianchi and Levinton, 1981) . Somatic growth of the snails decreases with increasing snail density; this parallels decreased steady-state microalgal density (Fenchel and Kofoed, 1976; Levinton and Bianchi, 1981) . The pattern of decreased growth matches field variation , but interference is an important component of reduced growth (Levinton, Stewart, and De Witt, 1985; Levinton, unpubl.) .
Renewable resource approaches are complicated by several factors. First, modest grazing can stimulate microbial productivity and sometimes elevates steady-state standing stocks (Hargrave, 1970; Fenchel andJ0rgensen, 1977; Connor, Teal, and Valiela, 1982; Pace, Shimmel, and Darley, 1979) . Second, intense grazing might select for resistant strains or species, thus strongly altering microbial recovery rates and species composition, depending upon the grazer (Nicotri, 1977; Bianchi and Levinton, 1981) .
DEVELOPMENT OF FORAGING MODELS FOR DEPOSIT FEEDERS
The development of predictive and explanatory foraging models is predicated on a good knowledge of the actual food sources of an animal. Because of the difficulty in determining food sources for most deposit feeders, there has been much less development of foraging models for them than for carnivores and browsers. Two factors have made development of foraging models for deposit feeders both interesting and difficult. The first is that the intimate associations of mineral grains and organic matter precludes anirnals from choosing between discrete food types. Taghon and Jumars (1984) state that for "an animal that does not forage widely and where food selection abilities may be limited, regulation of ingestive and digestive processes may be an especially important component of a strategy to optimize feeding energetics" (p. 549). A second factor is that the range in food value of different food types is extreme. Deposit feeders are both microphagous and polyphagous. This second factor has not been taken into account in most foraging models. Taghon, Self, and Jumars (1978) modified a model developed for suspension feeders (Lehman, 1976) ; they used the following summary equation to investigate optimal foraging by deposit-feeders:
where Q is the rate of energy intake, Ea is the energy gained from absorption of surfacebound microbes, Ec is the energy expended in collecting sediment particles, and Er is the energy required to reject unwanted particles. The model supports the intuition that intake is usually optimized by selecting smaller particles, since equal volumes of larger and small particles contain different total surfaces areas, and correspondingly different microbial abundances. Particle rejection costs, however, might favor ingestion of relatively unprofitable particles. Sorting and rejection of larger particles by animals that utilize ciliated tracts might involve a sorting time that would ultimately lower the rate of food intake.
The prediction regarding particle size, although intuitively appealing, has not been tested properly. It is not sufficient simply to find that deposit feeders prefer smaller particles. After all, this could result simply from constraints involving the shape and other characteristics of the food-gathering structures. It is possible, of course, that evolution has modified feeding structures in order always to se-lect fine particles irrespective of sediment variation. Optimal foraging models, however, imply an ability on the part of an organism to adjust a variable behavior so as to maximize the rate of energy intake. This is not always true (Taghon, 1982) . The model, to be useful, must be modified to include structural constraints that might limit behavioral plasticity in particle selection (Hickman, 1980) . Particle quality also influences the predictions of the model, as Taghon, Self, and Jumars (1978) recognized. If particles are not coated with microbes, but are homogeneous pieces of food such as digestible detrital particles or microalgae, then consumption of smaller particles will not be predicted (Lehman, 1976) . The polychaete Cistinides gouldi selects larger but more organically coated particles (Whitlatch, 1974) . Gut contents of several Hydrobia species are dominated by particles of intermediate size (Fenchel and Kofoed, 1976) , but because these species appear to ingest more food from particles of intermediate size by epipsammic browsing than by engulfing the particles, the ingested particles may represent incidental ingestion (Lopez and Kofoed, 1980) . Such feeding behavior may be due to the more rapid growth of diatoms in particle-size fractions of this type (Jensen and Siegismund, 1980; Levinton and De Witt, unpubl.) . In this case, the microbes occur among, rather than on, the inorganic particles, which may be swallowed along with the diatoms.
The two schools of thought about ingestion rates that currently dominate discussion of deposit-feeding strategies are: (1) "optimal ingestion rate": the rate increases with increasing food value (e.g., Taghon, Self, andJumars, 1978; Taghon, 1981 Taghon, , 1982 ; and (2) "compensatory feeding: the ingestion rate decreases with increasing food value (Calow, 1975a (Calow, , 1977 (Calow, , 1982 Cammen, 1980b) . Doyle (1979) has presented a cogent argument that optimal foraging is not self-evident, but the concept appears to have wide applicability in the marine environment (Pyke, Pulliam, and Charnov, 1977; Hughes, 1980) . Taghon, Self, and Jumars (1978) predicted that gut-residence time and time-specific absorption efficiency would influence the behavioral choices required to control the rate of energy intake. An intermediate gutresidence time proved to be optimal for net intake of energy. It is important to note that this prediction holds for a range of concentrations of one particular type of food, but not for comparing foods that differ in absorption-timne constants. Particles residing too long in the gut yield a small rate of energy gain because digestive efficiency is impaired. An extension of the model predicts that, as food quality (e.g., concentration) increases, feeding rate should increase, because of the proportionately greater reward in the rate of energy intake (Taghon, 1982) . Taghon's (1982) prediction that feeding rate should increase with increasing food value is sensible, but the literature presents conflicting results. The likely reason for this confusion is the way in which food quality is defined. Taghon and Jumars (1984) used protein coatings on glass beads and, for three polychaete species, found an increase in feeding rate with increased protein coat. This increase may have been partly due to a passive feeding response resulting from the enhanced adhesive properties of the coated particles. A similar increase has been observed in field experiments with Uca pugilator (Robertson, Bancroft, Vermeer, and Plaisier, 1980) . In contrast to these results, apparent compensatory slowdowns in response to rich food sources have been observed. The feeding rate of Uca pugilator decreases with increasing organic matter or fraction of fine sediment (Robertson and Newell, 1982) . Male crabs on sandy sediments with a lower fraction of silt-clay had higher feeding rates and made fewer feeding motions before rejecting feeding pellets than male crabs feeding on muddy creek banks. Cammen (1982) found that over a broad range of phylogenetic and sedimentary variation, ingestion rate was inversely correlated with the quantity of organic matter in the sediment. Calow (1975a) showed that, for the freshwater gastropods Ancylus fluviatilis and Planorbis contortus, ingestion rates were higher on food of lower quality. The oligochaete Stylaria lacustris feeds faster on poorly assimilable green algae than on wellassimilated diatoms (Streit, 1978) .
Such compensatory feeding may result in higher fitness than would be the case if energy intake were being maximized, because compensatory feeding allows an animal to maintain constant energy intake in the face of variable food supply (Calow, 1975a) . The control VOLUME 62 of growth and reproductive output may be more important than energy intake, especially for animals with inflexible life cycles (Calow, 1977) . Homeostatic (compensatory) models of physiological processes may be widely applicable to the study of deposit feeders (Townsend and Calow, 1981; Calow, 1982; Bayne and Newell, 1983) .
In essence, two different strategies appear to be supported by these results. First, fitness may be increased by increasing the feeding rate as a response to food richness. Alternatively, food intake may be controlled by compensatory mechanisms, a situation that would be tenable if an additional investment in feeding would yield no increased growth or would even detract from other fitness-influencing activities, such as defense against predators, mating, and care of young. Newell (1980) discussed similar "exploitative" and "conservationist" physiological strategies; for the latter, consideration of the expenditure of metabolic energy played a major role. The demonstration by Phillips (1984b) that compensatory regulation of energy intake can be consistent with optimal foraging underlines the challenge to develop rigorous tests of foraging theories. The assumption that there is a behavioral control of ingestion has hindered such tests. The test of a foraging strategy should not come down to whether an animal has the behavioral capacity to alter ingestion rate when offered sediments of different nutritional quality. The ability of an animal to alter its ingestion rate depends on its sensory capacity to recognize food quality and on its morphological constraints (Taghon, 1982) . Both of these factors are strongly influenced by phylogeny, because adaptations are accumulated historically. It is easy to imagine that alteration of ingestion rate is highly advantageous for a particular animal, but its bequeathed body does not allow such alteration. Alternatively, another animal may be extremely sensitive to both the nutritional quality of sediment and the presence of phagostimulants. It may alter ingestion for reasons other than energy maximization. Among deposit feeders, the neogastropod Ilyanassa obsoleta demonstrates the role of phylogeny. Although it is a deposit feeder, it has retained the exquisite chemosensory abilities of a carnivore.
An Integrated Approach to Foraging Models The fact that one cannot test among foraging strategies with a behavioral litmus test has been recognized previously (Doyle, 1979; Cammen, 1980b; Taghon, 1982) ; the consequences regarding experimental design have been less clear. We see as one of the major problems the ambiguity of the concept "food value." In studies of ingestion rates, food quality of sediment has been typically defined as the concentration of some known type of food, such as protein or bacteria (Taghon and Jumars, 1984; Whitlatch and Weinberg, 1982) . The difficulty with this approach is that it does not provide predictions regarding how an animal should feed on sediment whose "quality" is the aggregate of the amounts of the various types of food. Better information on timedependent absorption of the various types of food is critical to the elucidation of depositfeeding behavior (Taghon, Self, and Jumars, 1978) . Many microphages have very complex alimentary tracts that can result in particle sorting and differential gut-residence times for foods of different quality (Morton, 1960) . The few studies that have been conducted on gut passage and time-dependent absorption (Calow, 1975a,b; Lopez and Levinton, 1978; Self and Jumars, 1978; Bricelj, Bass, and Lopez, 1984) underline the importance of investigating such processes. Calow's (1975b) study of the defecation behavior of two pulmonate snails is a beautiful example of the importance of the definition of food quality. The feeding rate of the herbivorousAncylusfluviatilis was lower on poorer quality algal food (lower-quality algae being more poorly absorbed), so gut residence halflife was increased. But when the detritivore Planorbis contortus was offered a poorer food (bacteria diluted with nondigestible lignin as opposed to pure bacteria) it increased its feeding rate, and therefore decreased gut residence time. Calow (1975b) suggested that "snails in particular, and other animals in general must 'decide' whether to hold food particles in the gut for maximum exploitation or void them for more easily handled materials" (p. 61). Because lignin is almost completely indigestible (very low absorption time constant), there is little point in holding it. Further study of absorption-time constants for different types of food is essential in order to integrate information on feeding behavior (e.g., ingestion rate) with morphological analysis of deposit feeders. The various foraging models could then be rigorously tested. Marais (1980) compared the intestinal morphology, feeding rates, and food sources of several species of depositfeeding mullets. Sand-ingesting Liza dumerili had the highest feeding rate (0.6 body weight x day-'), the largest stomach and the shortest intestine. L. richardsoni, which feeds on coarse plant debris, has a specific ingestion rate of only 0.2 body weight x day-'. Another debris feeder, L. tricuspians is morphologically "geared to handling less material of higher quality" (p. 206). Odum (1970) suggested that mullets adjust the ratio of intestinal length to standard length (IL:SL) by increasing IL on coarser diets. But the IL:SL for L. tricuspians is unexpectedly low (2.4:1), even though the ingested material is mainly coarse plant fragments, suggesting that attached microbes are more important than the plant fragments. The large stomach and short intestine of L. dumerili agree with other data suggesting that this species is utilizing benthic diatoms. "A large stomach and short but wide intestine could be advantageous to a species ingesting large amounts of sand together with relatively small quantities of very nutritious algae.... [However,] Mugil cephalus is equipped with a very long intestinal tract which enables it to effectively digest a more fibrous diet" (Marais, 1980: 207) . A short, wide intestinal tract allows a high feeding rate, while a long, narrow intestine provides a long gut residence time. An animal adapted to feeding on low-quality organic matter would be likely to have the latter morphology (e.g., Allen and Sanders, 1966) , whereas an animal depending on high-quality food diluted in "no-quality" sediment should have the "short and wide" design.
In terms of digestibility, organic matter in sediments ranges from easily digestible fractions, such as bacteria, to completely indigestible fractions, like highly aged humic molecules. Fig. 3 schematically depicts the differences of highly, moderately, and nondigestible fractions in terms of absorption time constants. Virtually nothing is known of how sedimentary organic matter is distributed along the axis of the absorption time constant. where A is the absorption efficiency at saturation (infinite time), .5A is the half-saturation constant, and T is the time constant. Diatoms and other labile foods are digested rapidly and absorbed efficiently. High absorption efficiencies are possible over a wide range of feeding rates. "Seaweed detritus" represents those foods that can be digested although a long time is needed to approach saturation. "Lignin" and similar kinds of refractory organic matter are never appreciably absorbed.
Certain food types, such as diatoms and bacteria, have relatively high intrinsic food values because they can be digested and absorbed quickly. L. H. Kofoed (pers. commun.) has determined that absorption time constants for bacteria and diatoms ingested by Hydrobia ulvae are 3.6 and 2.3 per cent min-1, respectively. Therefore, maximum absorption efficiency is reached even during a short gut-residence time.
Given that animals may get different components of diet from different food sources (perhaps energy from detritus having low absorption time constant or protein from microbes with high time constant), then do animals adjust feeding rate to maximize absorption of one type of food? Is ingestion rate The model is based on the opposing effects of increased ingestion and the concomitant consequences of decreased digestion. Lowered food quality moves the digestion curve towards the lower left and decreases Ro.
adjusted to the mixture? By sorting particles in the gut, can an animal keep various food types for optimal periods? Starvation experiments (Calow, 1975a,b) indicate that animals are not always feeding at maximum rates. There is a temporary increase in feeding rate following a starvation period. What does this do to gut-residence time?
The seeming conflict between the model of optimal feeding rate and the established negative relationship between feeding rate and organic content of sediment can be resolved. An optimal feeding rate can be established under the following circumstances. (1) In a continuously feeding animal, digestion rate may decrease with increasing ingestion rate (Fig. 4) . Thus an expected gain in food uptake with increased ingestion rate may be diminished by decreasing digestion. This balance would set an intermediate ingestion rate as producing the most gain -i.e., there is an optimal ingestion rate (Sibly, 1981) . (2) If food quality increases, then the percentage digested per unit time would increase, and the optimal ingestion rate might increase correspondingly. (3) If food quality decreases, then optimal ingestion rate should decrease as well. The negative relationship between ingestion rate and the organic content of the sediment (Cammen, 1980b) would therefore by explainable if one could show that the organic fraction of sediments with high organic content was low in quality, that is, relatively indigestible. This would be the equivalent of shifting the digestion curves in Fig. 4 to the left and correspondingly decreasing the optimal ingestion rate.
Although this is speculative, it is possible that the range of organic contents does correlate with digestibility. Alongi and Hanson (1985) argue that an example of a sediment with low organic content may be diatom-rich sands, which have very digestible organic matter. In contrast, high-organic muds might be those where degraded seagrasses predominate. These latter sediments would be less digestible and optimal ingestion rate would decrease.
CONCLUSIONS
Because of the obviously low nutritional quality of muds, it is easy to believe that food acquisition is a prime determinant of the morphology and behavior of deposit feeders. They must process large volumes of sediment either by ingestion or by selective sorting before ingestion. The major problem in studying deposit feeders continues to be the elucidation of the nature of the actual food sources. It is clear to us that most deposit feeders require both nonliving and living organic fractions. Sedimentary microbes may be an important source of protein and other specific dietary requirements but are not abundant enough to meet the caloric demands of most deposit feeders. Absorption of amorphous detritus may provide the bulk of carbon requirements. Given the seasonal nature of the input of organic matter into benthic environments, deposit feeders are more likely to be food-limited at certain times of the year. Whether such a limitation is controlled by the availability of microbial or detrital foods, or by some complex interaction between them, awaits further study. Perhaps certain species, such as those with well-developed microbial symbionts, are more likely to be limited by caloric intake.
One of the biggest technical problems still to be overcome is the accurate estimation of the selection and absorption of detritus. Several methods have been developed recently to radiolabel detritus and sedimentary organic matter for feeding studies (Banks and Wolfinbarger, 1981; Lopez and Crenshaw, 1982; Wolfinbarger and Crosby, 1983) . The 14C_ formaldehyde technique of Lopez and Crenshaw (1982) has been combined with the 14C:51Cr method of estimating absorption (Calow and Fletcher, 1972) specifically for the study of ingestion and absorption of sedimentary organic matter by deposit feeders. Preliminary studies demonstrated its usefulness in estimating the selective ingestion of detritus (Lopez and Cheng, 1982, 1983) . Bricelj and Malouf (1984) found that the above approach and the ash-ratio method (Conover, 1966) agreed well in estimating detritus absorption by the suspension-feeding clam Mercenaria mercenaria. Critical evaluation of these and similar methods is needed. The development of foraging models for deposit feeders has progressed dramatically in the last decade, drawing upon both optimal foraging theory and physiological energetics. These models should be modified to take into account the requirements for both microbial and detrital foods, which may have very different absorption time constants. The testing of foraging models will require the simultaneous measurement of several aspects of food acquistion and metabolism. The measurement of absorption along with the costs of feeding (e.g., particle selection, movement, mucus production), for different functional groups should prove to be particularly interesting. The further development of foraging theory will benefit from more consideration of physiological energetics (see Bayne and Newell, 1983) . One promising approach is to label animals uniformly with 14C so as to measure metabolic allocation under different conditions (Famme and Kofoed, 1982; Cammen, 1985) .
The idea that an animal's traits are integrated into a coherent feeding strategy is so attractive that it is easy to conclude that it is self-evident. Likewise, food gathering is probably such an important activity for deposit feeders that it is reasonable to assume that animals have not moved far from foraging optima (Hughes, 1980; Jumars and Gallagher, 1982) . The challenge will be to develop foraging theories that can be rigorously tested, and that allow an appreciation of the morphological diversity exhibited by animals in sediments.
